To further define the nature of abnormal iron deposits on the membranes of pathologic red blood cells, we have used sickle cell anemia (HbSS), HbSC, and @-thalassemic erythrocytes (RBCs) to prepare inside-out membranes (IOM) and insoluble membrane aggregates (AGGs) containing coclustered hemichrome and band 3. Study of IOM from HbSC and thalassemic patients showed that amounts of heme iron and, especially, free iron were much higher in patients who had undergone surgical splenectomy. The membrane AGGs from HbSS and @-thalassemic RBCs contained much more globin than heme, with this discrepancy being variable from patient to patient. Although these AGGs were enriched (compared with the ghosts from HE ERYTHROCYTE (RBC) membrane comprises a T complex environment that includes a hydrophobic core, multiple lipid species, penetrating and peripherally associated proteins, and a charged cytosol/membrane interface. Normally, iron is excluded from the membrane milieu, but it is now evident that multiple forms of iron can be associated with the membrane in pathologic RBCs. Such decompartmentalization of cellular iron is best defined for sickle RBCs, the membranes of which carry abnormal deposits of both heme iron and nonheme iron. The former category includes denatured hemoglobin (hemichrome) and free heme, while the latter includes ferritin-like iron as well as free iron.'* Thalassemic RBCs also have abnormal accumulations of denatured Hb3 but have not been examined for the presence of nonheme iron. While the origin of pathologic iron deposits is probably multifactorial, these ~ ~ ~ ~ * To distinguish between various iron types in this report, we use the convention established earlie3 and use the term "heme" to indicate generic heme detected spectrophotometrically (includes hemoglobin and hemichrome as well as free heme) and use the term "free heme" when this is specifically intended. Similarly, we use the term "iron" in the generic sense to include both heme and nonheme iron. We use "free iron" when nonheme nonfemtin iron is specifically intended. 0006-49 71/93/8210-0030$3.00/0 which they were derived) for heme, as expected, less than 10% of total ghost heme was recovered in them. Remarkably, these AGGs also were enriched for nonheme iron, markedly so in some patients. iron binding studies showed that the association of free iron with these hemichrome/ band 3 AGGs is explained by the fact that free iron binds to denatured hemoglobin. These results document that free iron is nonrandomly associated with the membranes of sickle and @-thalassemic RBCs. Whether this plays a causative role in the premature removal of such cells from the circulation remains to be seen.
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two disorders share the likelihood that iron decompartmentalization promotes the targeting of auto-oxidative damage to the cell membrane and thereby contributes to disease pathophysiology.
Regarding abnormal deposits of heme iron, it has been established that at least some of the hemichrome on sickle and thalassemic RBC membranes is nonrandomly distributed by virtue of being coclustered with band 3, as detected by immunofluorescen~e~*~ and biochemical analy~is.~.' This occurrence is believed to be driven by the ability of hemichrome to copolymerize with the cytoplasmic tail of band 3.8, 9 In sickle and thalassemic RBCs, this results in formation of membrane aggregates (AGGs) containing less than 1% of the total membrane protein and a large amount of g l~b i n .~.~ Whether this actually represents an enrichment for globin in the AGGs compared with the cell membranes they are derived from has not been established. The AGGs from thalassemic RBCs contain heme, but those from sickle membranes have not been so tested.
In contrast to the above findings for heme iron, we heretofore believed that the nonheme iron associated with sickle membranes is randomly distributed.2 However, the present studies were performed to test the contrary hypothesis that nonheme iron also might be associated nonrandomly with membranes of pathologic RBCs. Here we compare the iron contents of RBC membrane preparations derived from adults with sickle cell anemia, who generally have lost splenic function, with those of HbSC patients, who typically have preserved splenic function unless they have undergone surgical splenectomy." Membranes from P-thalassemic patients, with and without splenectomy, are similarly compared. In addition, we have examined the iron content of the coclustered membrane AGGs of hemichrome and band 3 that are typical of these cells.
MATERIALS AND METHODS

Preparation of RBC ghosts and inside-out membranes (IOM).
Fresh heparinized or citrated blood was obtained from volunteer donors with sickle cell anemia (HbSS), HbSC disease, or P-thalassemia intermedia variants; normal donors provided control RBCs. None ofthe donors had been transfused for at least 3 months before the present studies. The whitest possible RBC ghost mem- 
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branes were prepared as described previously.ll Erythrocytes were briefly lysed, and the ghosts were extensively washed in cold ironfree buffer (5 mmol/L sodium phosphate, 0.5 mmol/L EDTA, pH 8.0) with multiple passages of the ghost pellet through a 22-gauge needle between washes. After washing twice to remove EDTA, ghosts in 5.0 mmol/L sodium phosphate buffer (pH 7.4) were admixed with positively charged beads (Macro-Prep Q; Bio-Rad Laboratories, Richmond, CA), sonicated, and then washed to remove unbound membrane fragments. As previously reported in detail," this technique yields IOM that have preserved all membrane components. All solutions used for preparation of RBC ghosts and IOMs in this manner were rendered iron-free by treatment with chelating resin (Sigma Chemical Co, St Louis, MO). ' Coclustered AGGs of hemichrome and membrane protein were prepared exactly as previously described.6 RBCs were briefly converted to ghosts by hypotonic lysis (5 mmol/L sodium phosphate, 20 pg/mL phenylmethylsulfonylfluoride) and then to spectrin-depleted, inside-out vesicles (30-minute incubation at 37°C in 0.5 mmol/L EDTA, pH 8.0). The vesicles were then incubated in the cold with 5 mmol/L sodium phosphate (pH 8.0) containing I% ClzEs (octaethylene glycol mono-n-dodecyl ether) and 25 mmol/L P-mercaptoethanol. The insoluble aggregated material was collected as a pellet by centrifugation and washed four times in 5 mmol/L sodium phosphate (pH 8.0) before being frozen prior to analysis for iron content. AGG preparations also were evaluated by densitometry after polyacrylamide gel electrophoresis and Coomassie blue staining to determine what portion of total AGG protein was due to globin versus membrane proteid; this allowed iron measurements to be expressed as per milligram non-Hb protein, as well as per milligram total protein.
Measurement of membrane iron. Total heme iron (ie, Hb, hemichrome, free heme) was determined by absorbance at 398 nm after dissolving membrane preparations (either ghosts or IOMs or AGGs) in formic acid." Nonheme iron was determined by its reactivity with ferrozine (which does not detect heme iron) in the presence of the denaturant sodium dodecyl sulfate (SDS) and reducing agents (ascorbate and sodium metabisulfite), as previously described. ' We here follow the previously validated convention of using the term "free iron" for nonheme iron that has reacted rapidly in the ferrozine assay (within 2 minutes), while the term "nonheme iron" includes this free iron plus any other iron (eg, femtin iron) that has reacted slowly (measured at 24 hours).' Amounts of iron are expressed in nanomoles of iron per milligram of membrane protein, the latter determined by BioRad (Richmond, CA) microprotein assay?." Solutions used for measurement of membrane iron compartments were rendered iron-free by treatment with chelating resin (sigma)?
Measurement of iron compartments on ghosts and IOMs was performed on-site on freshly prepared membranes (Minneapolis for sickle samples, Jerusalem for thalassemic samples). Measurement of AGG iron was performed after shipping frozen AGG to Minneapolis for analysis. We have previously found that shipping membranes under such conditions does not alter results of these measurements.
Iron binding to denatured Hb. To examine the possibility that free iron binds to denatured Hb, we prepared purified HbA and HbS from RBC lysates using diethyl aminoethyl Sepharose CG6B ion exchange chromatography." Some oxyHb preparations were further purified by gel filtration chromatography (1 50 mL Sephadex GI00 column), harvesting only the peak fraction to exclude potential contaminants of smaller and larger sizes. Hb preparations were then dialyzed against the buffer used for iron binding studies (5 mmol/L sodium phosphate, pH 7.4). Studies were performed Preparation of RBC membrane AGGs. using these oxyHb preparations, or deoxyHb prepared by equilibration with nitrogen, or metHb obtained by exposure to a 1.5 molar excess of K,Fe(CN),, or glycosylated Hb prepared by 5-day incubation with 100 mmol/L glucose, or denatured Hb prepared by vortexing oxyHb in a glass tube. When indicated, Hb preparations subsequently were passed through a G25 Sephadex column to separate Hb from reagents.
To measure iron binding to Hb, we incubated 2 mg/mL Hb and 0.64 to 2.56 pmol/L 59FeC1, at room temperature for 40 minutes, after which duplicate aliquots were placed in Centricon-10 microconcentrating tubes (Amicon, Beverly MA) and centrifuged (5 1,500g) for 40 minutes. The amount of radioactivity passing into the eluate was measured in comparison with controls in which the radioiron was added only to the buffer. Preliminary experiments documented that the elapsed time used here was sufficient for maximal iron binding to occur (data not shown). The iron was used in the form of a chelate with sufficient citrate (Fe:citrate = 1: 100) to ensure it would remain in solution at these concentrations.
RESULTS
We have measured the size of three iron compartments on RBC membranes: total heme iron (includes Hb, hemichrome, free heme), free iron, and total nonheme iron (includes both free iron and any other nonheme iron deposits such as femtin iron).
Iron on ghosts versus IOMs. For both HbSC and P-thalassemic RBCs, these measurements performed on ghost membranes and the IOMs prepared from them showed two striking observations (Fig 1) . First, for every comparison, ghost values were higher than the corresponding IOM values, just as we observed earlier for HbSS RBCS.~," This indicates that a portion of the iron measured in ghost preparations was not truly membrane-associated and again justified our focusing on measurements of IOM iron. Second, for each RBC type, much higher levels of membrane-associated iron were found for patients who had undergone splenectomy.
Iron on ZOM.
Measurements of HbSC and P-thalassemia IOM iron compartments are shown in greater detail in Table 1 , which also includes data on normal control RBCs obtained both in Israel and in the United States. As was the case in earlier
IOMs from normal RBCs have only small amounts of heme iron and always lack detectable nonheme iron. For comparison, Table 1 also shows previously published data on HbSS RBCs,* which always display not only elevated amounts of heme but also the unique presence of nonheme iron. Indeed, we have never found an IOM preparation from an HbSS patient to lack this abnormal presence of free iron (R.P.H., unpublished data).
In contrast to HbSS RBCs, the RBCs from unsplenectomized HbSC patients have no detectable free iron or other nonheme iron on IOMs. However, IOMs from splenectomized HbSC patients do have such deposits, and the amounts are comparable with those found on IOMs from HbSS patients ( of free and total nonheme iron markedly exceed that of the sickle patients (Table 1) .
To evaluate the possibility that even free iron deposits might be nonrandomly associated with the RBC membrane, we performed separate studies on HbSS and @-thalassemic RBCs to specifically examine AGGs which contain coclustered band 3 and globin (heretofore assumed to be in the form of denatured Hb) as predominant components.
For HbSS RBCs we were able to compare AGGs and IOMs prepared from the same RBC samples ( Table 2) . As expected, the AGGs are somewhat enriched for heme iron compared with IOMs prepared from the same RBCs. Surprisingly, however, they also are highly enriched for free iron and total nonheme iron. The degree of this enrichment is calculated in Table 2 using both total AGG protein and Iron on membrane AGGs. It should be mentioned that comparing the amounts of heme (in Table 2 ) with amounts ofglobin (data not shown) showed that 32%, 54%, and 77% of globin present in the three HbSS AGG preparations do not have a corresponding heme. For the two @-thalassemic AGG preparations, 68% and 77% of the globin have no corresponding heme.
Significantly, these data also show that the degree of enrichment for free and total nonheme iron is greater than the degree of enrichment for heme iron (Table 2) . Indeed, using the value of 0.5% as the proportion of total membrane that is present in the average aggregate preparation,6 calculation for patient HbSS no. 1 indicates that about 6% of all membrane heme is located in these AGGs, whereas 62% of membrane free iron is associated with them. For patient HbSS no. 2, the corresponding values are 8% and 24%. Thus, a significant portion (apparently a majority for some patients) of nonheme iron on the sickle RBC membrane is accounted for by that recovered in the isolated AGGs.
For our comparable measurements on @-thalassemic RBCs, we had access to AGG preparations but not the RBC membranes from which they were derived. However, comparison of the @-thalassemic AGGs (from two splenectomized patients) in this study ( Table 2 ) with ,&thalassemic IOMs in the earlier study ( Table 1 ) clearly suggests that the situation regarding enrichment is similar to the stated interpretation for sickle RBCs.
As part of these studies of membrane AGGs we performed a critical control study to document that marked enrichment of free iron in AGGs was not caused by an artifact inherent in AGG preparation. First, we prepared AGGs from one sickle patient (HbSS no. 3 from Table 2 ) with and without chelation treatment of all reagent solutions to render them iron-free (because this precaution is not a feature ofthe usual AGG preparation protocol6). The two samples yielded virtually identical iron content (data not For three HbSS patients, iron compartments were determined on IOMs and AGGs prepared from the same preparation of RBC ghosts, as described in Materials and Methods. For the two splenectomized @-thalassemic patients, only AGGs were available for analysis. "Fold enrichment" represents the amount of iron found in the AGG (expressed either per milligram total AGG protein or per milligram non-Hb protein in AGG) divided by the amount in IOMs.
Iron compartments were not calculated because the amount of iron on IOMs was very near the threshold of detection for this sample and, therefore, made the denominator for calculation of enrichment an unreliable figure. shown), indicating that the high amount of AGG iron is not explained by failure to render solutions iron-free. Second, we tested each ofthe reagents/buffers used for AGG preparation individually and in combination, and we found they did not mobilize any iron from femtin or sickle ghosts (data not shown).
Ferritin. We could not detect femtin in AGGs by Western blot, but this was expected because our calculations indicate that the observed amount of slow-reacting iron in AGGs could be easily provided by an amount of ferritin that would be undetectable. Thus, we cannot exclude the possibility that small amounts of femtin iron are associated with AGGs.
Iron binding to denatured Hb.
To explain why nonheme iron would be associated with AGGs composed mainly of hemichrome and band 3, we considered the possibility that free iron binds to denatured Hb. Examination of purified oxyHb preparations show greater binding of 59Fe to preparations of HbS than of HbA ( Table 3 ). This binding is half maximal at an iron concentration of about 0.32 pmol/L and at saturation is sufficient for association with only about 0.5% of Hb present (assuming a stoichiometry of 1 iron molecule per a/3 dimer) (Fig 2) . Binding by such a small proportion of Hb strongly suggests that this observation is explained by iron binding to a minor component of the Hb preparation. Additional binding studies showed no increase in 59Fe binding to metHb, deoxyHb, or glycosylated Hb when compared with oxyHb (data not shown). However, further separation of the HbS from potential non-Hb contaminants by an additional gel filtration step did not result in loss of 59Fe binding; rather, it actually resulted in a slight increase (data not shown), consistent with promotion of HbS denaturation by its interaction with the column matrix. In fact, 59Fe binding to HbS was noted to be significantly augmented if we first vortexed the oxyHbS in a glass tube ( Table 3) . For these experiments, the shorter time point indicated was that at which cloudiness of the Hb solution first appeared, while that the longer time point was after macroscopic precipitation was clearly evident. An increase in 59Fe binding with increasing HbS denaturation is evident, despite the fact that formation of particulates would predictably reduce the amount of Hb actually available for binding. As previously reported,2 the ferrozine reactivity of SDS-solubiFerrozine reactivity of iron bound to denatured Hb. 
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Fe added (micromol/L) lized sickle ghosts shows only two components, one that reacts very rapidly and is ascribable to free iron, and one that reacts very slowly like ferritin iron. However, consistent with the presence of another form or compartment of nonheme iron on sickle membranes, we now find that monitoring of ferrozine reactivity of sickle ghosts in the absence of SDS shows a phase of intermediate reactivity (ie, between that of free iron and that of ferritin iron) (Fig 3) . For technical reasons, we were unable to perform specific measurement of the ferrozine reactivity of nonheme iron bound to denatured Hb in isolation.
DISCUSSION
In further defining the nature of iron deposits on membranes of pathologic RBCs, the present studies confirm our suspicion that splenic function influences the amount of iron detected on membranes of circulating RBCs, but they dispel our belief that pathologic nonheme iron deposits are randomly associated with the membrane. To reach these conclusions, we have studied HbSC and P-thalassemic RBCs from patients with and without prior splenectomy, and we have examined the membrane AGGs of coclustered hemichrome and band 3 prepared from HbSS and P-thalassemic RBCs. Our comparison of iron compartments on ghosts with IOMs from these RBCs shows that a significant proportion of iron associated with ghost membranes made by hypotonic lysis is lost when these are converted to IOMs (Fig I) , as we previously found for HbSS RBCS." This justifies our emphasis on analysis of IOMs because we are interested primarily in iron deposits that are truly membrane-associated.
Membranes of RBCs from HbSC and P-thalassemic patients have no detectable non-
Role of splenic function.
heme iron (like normals) unless they have been splenectomized (Table I) , in which case more prolonged circulation of cells having very abnormal, iron-laden membranes is allowed. Clearly, however, splenic function is not the only determinant of amount of RBC membrane iron. Splenectomized normals have zero free iron on IOMs' so the spleen must remove RBCs having iron deposits that arose primarily for other reasons. Likewise, reticulocytosis is, in itself, insufficient reason for appearance of membrane iron deNotably, the amount of free and total nonheme iron on IOMs from the splenectomized @-thalassemia greatly exceeds that on sickle IOMs (Table I) , with the thalassemic ghosts actually exhibiting extreme levels of iron accumulation (Fig I) . We doubt that this reflects the iron overload state of thalassemic patients. We previously found no correlation between IOM nonheme iron and serum ferritin in sickle patients," and even iron-overloaded (but nonhemoglobinopathic) patients have no free iron on IOMs.' Thus, we believe that the abnormal deposition of iron on the membranes of pathologic RBCs results from processes within the RBCs. @-Thalassemia is worse than sickle disease in this regard, undoubtedly because of the marked problem of unstable, unpaired a-globin chains in that disorder, which seems to lead to the presence of abnormal amounts of free iron. This is evident biochemically in the greater induction in @-thalassemic RBCs of cytosolic femtin,13 the synthesis of which is stimulated by iron a~ailabi1ity.I~ Furthermore, experimental loading of normal RBCs with free a-chains in vitro, followed by resealing and incubation, pro- For personal use only. on October 30, 2017. by guest www.bloodjournal.org From motes the eventual deposition of large amounts of free iron on the IOMs prepared from such ~e1ls.I~ Nonrandom distribution of iron deposits. The significant enrichment of heme iron in membrane AGGs was anticipated from the previous demonstrations that they contain significant amounts of globin coclustered with band 3 and, to a lesser extent, with other membrane proteins.425 However, a significant amount of globin in these AGGs exists without a corresponding heme. In this regard, the values observed here for isolated membrane AGGs are comparable with those previously found for sickle IOMs" and ghosts.I6 Unfortunately, there is too little material in these AGG preparations for radiochloroquine binding assays" to detect presence of free heme, which in turn could disclose whether or not globin and heme are actually associated as denatured Hb in these AGGs, as is the case in sickle IOMs."
We previously observed for sickle IOM that the amount of globin without heme is approximately equal to the amount of free iron on the membrane.2," This suggested that the presence of free iron on sickle RBC membranes might reflect prior presence of heme (lost from Hb and then oxidatively destroyed). However, we now find that amounts of nonheme iron are strikingly enriched in these membrane AGGs compared with the membranes from which they are derived, even to a degree that clearly exceeds the amount of heme enrichment. The most likely explanation for this is that the coclustered hemochromelband 3 membrane AGG acts as a "sponge" for free iron. In fact, our binding studies document that free iron tends to associate with denatured Hb (Table 3, Fig 2) . Thus, regardless of its proximate origin, the persistence of free iron on sickle membranes could simply reflect this fact.
Also remarkable, however, is the striking enrichment for slow reacting type of nonheme iron in HbSS and thalassemic AGG preparations (evident in Table 2 as the difference between total nonheme and free iron compartments). We previously found some ferritin associated with sickle ghost preparations,' so we cannot formally exclude the presence of ferritin deposited in association with AGGs of hemichrome and band 3. Yet, it is difficult to understand why femtin would partition in this manner. Therefore, we suspect that RBC membranes have a nonheme iron compartment that exhibits slow biochemical reactivity with ferrozine but that is not femtin. Specifically, we hypothesize that the free iron associated with denatured Hb in the hemichrome/band 3 AGGs comprises that compartment of less reactive iron. Consistent with this, by analyzing unsolubilized sickle ghosts, we did observe an iron compartment exhibiting an intermediate rate of ferrozine reactivity between that of free iron and authentic femtin. Unfortunately, we have found it impossible to design an experiment that unambiguously proves that free iron bound to denatured Hb exhibits slower reactivity with ferrozine.
Pathophysiologic relevance of nonrandom iron accumulations. Perhaps these data help explain why hemichrome/ band 3 coclusters isolated from cells exhibit extensive disulfide bonding whereas the formation of hemichrome and band 3 copolymer in vitro is reversible and does not involve t h i~.~, ' ,~ That is, the free iron associated with the coclusters in vivo could provide an extra oxidant stress. Because native Hb is unlikely to exhibit Fenton activity," the presence of free heme or free iron is more likely to explain any membrane redox activity.18s19 In fact, the abnormal iron deposits on sickle membranes are able to interact with cytosolic reducing agents to facilitate oxidant generati~n.'~ This could focus damage to associated, underlying membrane structures2' For example, the degree of general membrane protein thiol oxidation in sickle IOMs correlates with amount of heme iron but not amount of nonheme iron, probably because only the heme iron is physically associated with membrane proteins in Whether the free iron associated with hemichromelband 3 coclusters contributes to accelerated RBC destruction, as opposed to simply being a passenger on AGGs by virtue of their "sponge" capability, remains to be determined. However, we note with interest that free femc iron can oxidize Hb to metHb,21 the proximate step in hemichrome formation. Perhaps free iron associated with hemichromelband 3 coclusters helps promote further hemichrome formation locally by this mechanism. This seems to be a hypothesis worth testing.
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